The neurodegenerative polyglutamine diseases are caused by an expansion of unstable polyglutamine repeats in various disease proteins. Although these mutant proteins are expressed ubiquitously in neuronal and non-neuronal cells, they cause selective degeneration of specific neuronal populations. Recently, increasing evidence shows that polyglutamine disease proteins also affect non-neuronal cells. However, it remains unclear how the expression of polyglutamine proteins in non-neuronal cells contributes to the course of the polyglutamine diseases. Here, we discuss recent findings about the expression of mutant polyglutamine proteins in non-neuronal cells and their influence on neurological symptoms. Understanding the contribution of non-neuronal polyglutamine proteins to disease progression will help elucidate disease mechanisms and also help in the development of new treatment options.
Introduction
There are at least nine inherited neurodegenerative diseases that are caused by an expansion of a polyglutamine (polyQ) tract, including Huntington's disease (HD), spinocerebellar ataxia (SCA) 1-3, 6, 7 and 17, spinobulbar muscular atrophy (SBMA), and dentatorubropallidoluysian atrophy (DRPLA) [1, 2] . The polyQ expansion results from a CAG triple repeat expansion in unique genes that do not share homology. Despite this, these diseases share many common pathological features. First, symptoms of these diseases usually appear at midlife and progressively worsen until death, some 15-20 years later. A juvenile, or early-onset form, also exists for these polyQ diseases, and is usually associated with more than 60 CAG repeats. Longer repeat sizes are associated with an earlier age of disease onset. Second, these diseases all show aggregates or inclusions formed by mutant proteins in the brain, which are a pathological hallmark of the polyQ diseases. It remains debated as to whether aggregates are toxic or have a protective role, but they do reflect the accumulation of mutant polyQ proteins in cells. Third, expression of these mutant proteins is generally widespread throughout the body, but selective degeneration is seen in specific brain regions. Although these diseases cause neuronal degeneration, evidence is growing that expression of mutant proteins in non-neuronal cells might also contribute to disease pathology [3, 4] .
Polyglutamine diseases and selective neuropathology
Huntington's disease HD is the most common polyQ disorder with an incidence of around 70 per million people in people of Western European descent, but its prevalence is lower in the rest of the world. The expanded polyQ domain is located in the N-terminal region of the HD protein, huntingtin (htt). Individuals having more than 36 CAG repeats will develop HD [5, 6] , and symptoms usually consist of body weight loss, psychiatric problems, cognitive deficits, and movement disorders (chorea), which are followed by death that occurs 10-20 years after onset. The selective neurodegeneration in HD occurs early in the medium spiny neurons in the striatum. Other brain regions such as the deep layers of the cortex, the hypothalamus, and hippocampus also undergo neurodegeneration, which is widespread in the late stages of HD [7] . Htt is normally a cytoplasmic protein and is essential for cell survival [8] . While the primary function of htt has yet to be elucidated, it probably plays a role in cellular trafficking and also functions as a scaffold protein [9, 10] . It is evident that only N-terminal mutant htt is able to form aggregates and
npg is more toxic than full-length mutant htt, which has led to extensive studies to identify the proteolytic cleavage sites. These studies have identified that various proteases, including calpains and caspases, can degrade mutant htt to generate N-terminal htt fragments [11] [12] [13] [14] [15] . In addition to having the properties to misfold and aggregate, Nterminal mutant htt fragments can also accumulate in the nucleus, while the majority of full-length mutant htt remains in the cytoplasm [16] [17] [18] . The nuclear localization of N-terminal mutant htt can lead to abnormal binding of mutant htt to various transcription factors, which will subsequently affect transcriptional expression [10, 19] .
Spinocerebellar ataxias
This group of polyQ neurodegenerative disorders includes six (SCA 1, 2, 3, 6, 7, and 17) identified diseases [1] , which compose about 50% of all families affected by SCA [20] . These diseases are all dominantly inherited and characterized by cerebellar degeneration, which results in ataxia, speech difficulties, dementia, and eventually death [1] . SCA1 is caused by a polyQ expansion of >43 repeats in the ataxin-1 gene [21] . SCA2 is caused by the ataxin-2 gene containing >37 polyQ repeats [22] . SCA3, also called Machado-Joseph disease, is the most common form of the ataxias and occurs when the disease protein ataxin-3 has >50 repeats [23] . The SCA6 gene encodes a voltage-dependent calcium channel (CACNA1A), which is a membrane channel protein that contains a polyQ domain that expands to cause SCA6 [20, 24] . SCA7 results from the expansion of the CAG/polyQ repeat (>37 units) in the ataxin-7 gene [25] . One interesting point about SCA7 is that expression of ataxin-7 is high in peripheral tissues, such as heart, skeletal muscle, and pancreas, and lower in the brain. Also, SCA7 is associated with cone-rod dystrophy retinal degeneration [26] . SCA17 occurs when there is an expansion of 42 or more repeats in the polyQ tract of the TATA-box binding protein (TBP), which plays an essential role in transcriptional regulation. Despite the critical role of TBP in cellular function in general, SCA17 also shows selective neurodegeneration associated with cerebellar atrophy, in particular, Purkinje cell death [27] .
Spinobulbar muscular atrophy and dentatorubropallidoluysian atrophy
Two other polyQ diseases, SBMA and DRPLA, have also been well characterized. SBMA, also known as Kennedy disease, occurs when there is a polyQ expansion of 36 or more repeats in exon1 of the androgen receptor (AR) gene [28, 29] . SBMA is the only X-linked, recessively inherited disease in the polyQ neurodegenerative disease family, and primarily affects males [30] . This disease is characterized by motor neuron loss in the spinal cord and brain stem, and leads to a slowly progressing disease with onset in middle age [31] . Symptoms of SBMA include muscular atrophy and weakness, particularly of the limbs and facial muscles, reduced male fertility, and death that often occurs due to pneumonia [29, 32] . Interestingly, AR expression is lower in the central nervous system (CNS) than in cardiac and skeletal muscle, skin, and prostate [30] .
DRPLA is a dominantly inherited neurodegenerative disease that occurs when the atrophin-1 protein has an expanded polyQ tract containing >48 repeats [33, 34] . DRPLA transgenic mice exhibit symptoms including ataxia, chorea, and dementia [35] . Atrophin-1 is a transcriptional regulator and is expressed ubiquitously in different types of cells [34] , but mutant atrophin-1 causes neuronal degeneration in select neuronal populations in the cerebellum [35] .
Glial dysfunction in polyglutamine diseases

Huntington's disease
Glial cells, once only considered as supporting cells, are now recognized as vital components of the CNS and carry on many functions that support neuronal function and survival. Glial cells compose 90% of cells in the brain and consist of three different types: astrocytes, microglia, and oligodendrocytes [36] . Astrocytes and microglia, in particular, have been implicated in playing a role in polyQ disease pathology.
Evidence that glial cells express mutant htt and display htt aggregates comes from several different groups. In the R6/2 HD mouse model, exon1 htt with 115-150 CAG repeats is expressed in both neurons and glia [37, 38] . In addition, examination of HD human patient brains also reveals the presence of mutant htt in glial cells [37, 39] . HD patients have also been found to have microstructural changes in the white matter of the corpus callosum [40] . However, fewer glia than neurons contain aggregates, and glial aggregates are usually smaller than neuronal ones in HD transgenic and knock-in mice [37, 41] . There are several explanations that would account for fewer glia containing smaller aggregates than neurons. One possibility is that glial cells intrinsically express htt at a lower level than neuronal cells, though this possibility remains to be verified. Another possibility is that unlike neurons, glial cells are capable of dividing, a process that could deplete the amount of mutant protein in the cell. Our recent studies have found that ubiquitin-proteasome system (UPS) activity is lower in neurons than in glia, and that UPS activity levels decrease with age [42] . The UPS is responsible for clearing misfolded protein, and its lower activity in neuronal cells could result in increased accumulation of N-terminal mutant protein, and subsequently, htt aggregation in neurons. Age-related decline in UPS activity in neurons and glial cells could explain age-dependent formation of polyQ aggregates and disease progression. The more abundant accumulation of mutant polyQ proteins in neurons than in glial cells could also in part explain the selective neuronal loss common to these polyQ diseases.
The presence of toxic proteins in glial cells could affect their function. Because astrocytes play important roles in maintaining synaptic plasticity and neuronal communications [36, 43] , astrocyte dysfunction could be deleterious to surrounding neurons. One of the most important roles of astrocytes is to remove excess synaptic glutamate, which is the major excitatory neurotransmitter in the CNS [43] . GLT-1 and GLAST are the major astrocyte glutamate transporters (human homologs are EAAT-2 and EAAT-1, respectively) that remove extracellular glutamate. Proper glutamate uptake protects the surrounding neurons from excitotoxicity that could occur if excess glutamate remains in the synaptic cleft [36, 43] . The R6/2 mouse shows a significant decrease in GLT-1 transcript and protein levels in the striatum and cortex at 12 weeks of age, but not at 4 weeks, while a decrease in GLAST levels has not been indicated in HD [44, 45] . Through microdialysis in freely moving R6/2 mice, it was found that the R6/2 mice had a progressive reduction in GLT-1 function [45] . Importantly, the striatum region of HD patients shows decreased GLT-1 mRNA levels and decreased glutamate uptake [46, 47] .
A Drosophila model of HD was also created to examine the potential roles of glial dysfunction in HD pathology [48] . In this study, the UAS-GAL4 system was used to express exon1 of human htt with 20 or 93 CAG repeats in dEAAT1-expressing glia, which are the glial subtype that express the sole glutamate transporter in the fly. Although the transgenic flies died, degeneration was not seen in the glial cells. This implies that glial dysfunction due to mutant htt expression and not glial degeneration probably contributed to the phenotypes seen. We have recently generated transgenic mice that express mutant N-terminal htt specifically in astrocytes. These mice show age-dependent neurological symptoms without obvious neurodegeneration [49] . Since medium spiny neurons in the striatum, the neurons that are preferentially killed in HD, are innervated by glutamatergic axons from the neocortex, a decrease in astrocyte glutamate uptake might make them more susceptible than other types of neurons to excitotoxicity, which at least can result in neuronal dysfunction.
SCA7
The involvement of glia has also been implicated in SCA7 disease pathology. A mouse model that expresses mutant ataxin-7 in Bergmann glia was developed to study this role [50] . Bergmann glia are a type of astrocytes that are located in the cerebellum and are closely associated with Purkinje neurons. Like other astrocytes, they are responsible for removing extracellular glutamate from the synapse. This mouse model revealed that expression of ataxin-7 in Bergmann glia alone was sufficient to cause Purkinje cell pathology and impair motor coordination, as measured by the rotarod test [50] . Like the HD mouse models studied, this SCA7 model also implies an important role for glial cells in polyQ disease progression.
Reactive glia in polyQ diseases
During CNS injury or disease, astrocytes undergo a process termed reactive gliosis, which is characterized by up-regulation of glial fibrillar acidic protein (GFAP), cell proliferation, and morphology changes [51] . GFAP is an intermediate filament protein that is expressed in astrocytes and is commonly used as an astrocytic marker [52] . Increases in GFAP are an early indication of reactive gliosis, and neuronal dysfunction can be induced by defective astrocytes, even in the absence of neurodegeneration [53] . Reactive astrocytes occur in the striatum and increase in number with HD disease progression [7, 54, 55] . Reactive gliosis occurs even in HD models that do not express mutant htt in neurons [49] , indicating that mutant htt expression in astrocytes alone is sufficient to cause this glial response.
Microglia are glial cells that function as immune cells in the CNS, and like astrocytes, can also become reactive. Microglia normally exist in a quiescent state until they are exposed to an insult or injury, which includes protein aggregation in HD [56] . Following injury, these cells become activated and will transform into phagocytes, which are able to remove dying cells and will release proinflammatory cytokines, proteases and oxygen radicals to combat the insult [54, 57] . It has been previously shown that microglia activation often precedes neuronal degeneration in many neurodegenerative diseases such as Alzheimer's disease and Parkinson's disease [58] . HD patient brain regions, and in particular, the striatum and cortex, have been shown to contain activated microglia, with activation increasing as the severity of disease increases [54] . Activation of astrocytes and microglia in polyQ diseases reiterates that non-neuronal cells can be impacted by the presence of mutant polyQ proteins. npg that polyQ diseases affect not only cells in the CNS but also peripheral tissues. Although the majority of work has been performed using the R6/2 mouse model to show the presence of htt aggregates in peripheral tissues, a new study demonstrates that an HD knock-in mouse, which expresses full-length mutant htt (HdhQ150), also has mutant htt aggregates in various peripheral tissues [59] .
Dysfunction of peripheral tissues in polyQ diseases
As additional mouse models and human patient samples are studied, more light will be shed on how polyQ diseases affect such a wide range of cells, which will help the development of treatments.
Heart
Approximately 24% of HD patients die from cardiac failure, which is the second most common cause of death, following pneumonia [60] . The R6/2 HD mouse model has recently been studied for signs of cardiac problems due to mutant htt expression [61] . By electron microscopy, significant elevation in htt aggregation was found in the nucleus and mitochondria in cardiac myocytes of these HD mice. Other important findings include cardiac structural remodeling, reduced cardiac output by 50% by 12 weeks of age, decreased heart weight, and altered mitochondrial ultrastructure in the R6/2 mouse compared to littermate controls [61] . It has also been found that cardiomyocytes isolated from human heart failure patients contain pre-amyloid oligomers, which are soluble intermediates of protein aggregates [62] . This finding led researchers to question whether the presence of soluble polyQ oligomers expressed in the heart could produce toxic effects. To help answer this question, a transgenic mouse model was developed to express expanded polyQ preamyloid oligomers specifically in cardiomyocytes under the control of the α-myosin heavy chain promoter [63] . Investigation of this mouse model revealed that expression of expanded polyQ preamyloid oligomers caused formation of protein aggregates in cardiomyocytes, which led to cardiac dysfunction and dilation, as well as reduced lifespan [63] . These studies show that mutant polyQ proteins expressed in cardiomyocytes, either as aggregates or as soluble oligomers, can contribute to cardiomyocyte death and heart failure. This finding helps explain the large percentage of HD patient deaths due to cardiac failure and gives more evidence for the importance of non-neuronal cells in polyQ disease pathology.
Pancreas
It has been recognized for some time now that the risk of developing diabetes mellitus is significantly higher in HD patients than in the general population [64, 65] , as well as having decreased glucose tolerance [66] . The β cells of the islets of Langerhans of the pancreas are responsible for normal production of insulin, which is critical for maintaining blood glucose homeostasis [67] . Like other peripheral tissues, β cells also express wild type and mutant htt. Thus, several HD mouse models, including the R6/1, R6/2, and KI models, have been studied to see whether the mice display diabetes phenotypes.
The R6/2 model that ubiquitously expresses exon1 mutant htt displayed impaired glucose tolerance by 8 weeks of age and developed diabetes mellitus by 12 weeks with fasting hyperglycemia and strikingly abnormal glucose tolerance [67] . Insulin mRNA levels were found to decrease in the pancreas of the R6/2 mice as disease progressed, and this decrease is evident prior to the development of diabetes mellitus. Decreased insulin mRNA levels might be due to altered expression of insulin gene expression regulators (PDX-1 and p300) by mutant htt [67] . Another group also studied the R6/2 model of HD and found that as the mice aged, β cell mass did not increase, due to reduced replication, and insulin secretion was deficient when compared to wildtype mice [68] . The investigators reasoned that low insulin secretion in the R6/2 mouse was probably due to reduced exocytosis that resulted from a decreased number of secretory vesicles in the R6/2 β cells [68] . The fulllength mutant htt knock-in mouse model, HdhQ150, was found to contain htt aggregates in β cells of the pancreas, but overall, pancreatic pathology seemed less severe than what was observed in the R6/2 model [59] .
The R6/1 mouse, which is the same as the R6/2 mouse but with a shorter CAG repeat, has also been examined for diabetes phenotypes. It was found that while this model does not develop diabetes, the R6/1 mice do show reduced β cell mass and abnormal insulin release [69] . The N171-82Q mouse model [35] , which expresses Nterminal mutant htt with 82 CAG repeats in neurons, also has elevated plasma glucose levels and abnormal glucose tolerance [3, 70] . All of these results suggest that mutant htt has a negative impact on normal pancreas function.
Adipose
Body weight loss is a prominent symptom in HD patients and mouse models and can become very severe in later disease stages. Body weight loss can still occur under very high caloric intake [71] , and HD patients who have a higher body mass index will usually have slower disease progression [72] . One common explanation of the dramatic wasting seen in HD patients is that mutant htt may cause metabolic defects that either contribute to or result from neurodegeneration [73] . In N171-82Q HD mice, neurodegeneration also occurs in the hypothalamus, a region that influences food intake and energy expenditure [74] . To help explain such severe wasting, several groups have examined whether there are any changes in the adipose tissue of HD mouse models. Adipose tissue is composed of adipocytes (fat cells) that help regulate glucose homeostasis by producing adipokine hormones such as leptin and adiponectin [71] . The leptin hormone functions in the hypothalamus to regulate food intake and energy balance [75] , and adiponectin functions in the skeletal muscle to promote proper glucose uptake [71] . The R6/2 model has a tendency to gain weight prior to the onset of symptoms, which may be attributable to the inability of adipocytes to properly break down fat [73] . Even with an increase in weight prior to the onset of phenotypes, the R6/2 mouse still displays wasting in later disease progression. A study using the Huntington Study Group data sample has shown that HD patients with minimal impairment (early in disease progression) have a lower body mass index than sex-and age-matched control groups [76] . This finding negates a previous hypothesis that weight loss results from increased energy expenditure due to severe body movements, because weight loss occurs prior to the onset of severe chorea. Thus, weight loss seen in HD might be due to metabolic reasons. It has recently been found that the R6/2 HD mouse model, which has a short lifespan, and the CAG140 knock-in model, which has a longer lifespan, both have dysfunctional adipose tissue, even at early ages [71] . In both of these models, leptin and adiponectin expression levels and circulating levels were decreased when compared to wild-type mice in later disease stages. The expression of several genes involved in adipocyte maturation was found to be significantly decreased in the R6/2 mouse in later disease stages [71] , which could lead to adipocyte dysfunction and severe weight loss. Recently, a group transplanted adipose-derived stem cells into the R6/2 mouse model and quinolinic acid-induced HD rat model. They found that the transplant slowed striatal degeneration, improved behavioral effects such as clasping, male body weight loss, rotarod performance, and increased survival in the R6/2 mouse [77] . Interestingly, adipose-derived stem cell transplantation also increased levels of PPAR gamma coactivator 1alpha (PGC-1α), which plays several roles in energy metabolism, and is known to be decreased in HD patients [77] . Targeting treatment to dysfunctioning adipocytes may lead to improved quality of life and survival for HD patients.
Muscle
Advanced HD is associated with progressive skeletal muscle atrophy [19] , and htt aggregates have been found in muscle nuclei of the R6/2 mouse model [78, 79] , and in a full-length htt knock-in mouse model of HD with 150 glutamines [59] . In humans [80] and HD mouse models [81] , motor deficits begin before significant body weight loss occurs, which implies that loss of motor ability is not primarily attributable to weight loss. Even though the R6/2 mouse lives between 12-15 weeks, an extensive study of the motor coordination and strength of the R6/2 mouse showed that muscular phenotypes presented as early as 5-6 weeks [81] . Examination of the muscle of the R6/2 mouse revealed that motor neurons and muscle fibers are affected by the presence of mutant htt. Severe atrophy of the muscle fibers was seen in late stage animals, although cell death was not found [79] .
Microarray analysis of R6/2 and human HD patient muscle biopsies revealed that some common muscle genes had altered expression patterns [80, 82] . For example, the lactate dehydrogenase A gene, which is the major LDH isoform in skeletal muscle, was found to have decreased expression in both mouse and HD patients [80] . In addition, the function of PGC-1α in HD mouse muscles is impaired, and was found to be decreased in HD patient muscles as well [83, 84] . The altered expression profiles seen in HD patient and mouse models indicate that mutant htt has a deleterious effect on muscle cells, which could help explain the severe muscle atrophy seen in HD.
Drug studies aimed at targeting the peripheral effects of polyQ diseases
HD transgenic mouse models are very useful for finding effective therapeutics [85] , and there have been studies that attempt to treat some pathological changes seen in HD peripheral tissues. Creatine is administered as a drug to help with metabolic problems and also has neuroprotective effects [70] . Creatine was found to significantly extend survival, improve motor performance, delay body and brain weight loss, and slow the onset of diabetes and accumulation of aggregates in the brain and pancreas of the R6/2 [86] and N171-82Q [70] HD mouse models. Another drug used to treat diabetes in HD mouse models is exendin-4, which is an FDA-approved antidiabetic glucagon-like peptide 1 receptor agonist. Daily treatment of the N171-82Q HD mouse model with exendin-4 resulted in significantly reduced blood glucose levels in the mice [87] . Treatment also improved weight loss and rotarod ability of the mice, which are two parameters that are used to judge phenotype onset. Ceftriaxone and other β-lactam antibiotics that increase GLT-1 levels have also been used to improve glial function in HD mouse models. Ceftriaxone, in particular, has been found to effectively increase glial GLT-1 levels and to also improve
npg behavioral phenotypes in the R6/2 HD mouse model [88] . Drugs aimed at targeting the peripheral effects of polyQ diseases may be easier to administer or may have a more pronounced effect than current drugs aimed at treating neurons.
Closing remarks
It is evident that neuronal and non-neuronal cells express mutant polyQ proteins, and we are beginning to see the effects of mutant polyQ proteins on non-neuronal cells. An important question is why neurons are selectively killed in these diseases. Neurons are probably more sensitive to mutant proteins than other cell types for a few reasons. First, because neurons do not divide, mutant polyQ proteins more readily accumulate in neuronal cells than in dividing non-neuronal cells. Clearance of misfolded and mutant proteins is largely carried out by the UPS and autophagy, whose activities may preferentially decrease in neurons during the course of the disease. The preferential accumulation of mutant polyQ proteins can contribute to the selective neurodegeration in polyQ diseases. This hypothesis still needs to be validated by more experimentation. Glia, which support normal neuron function, are also affected by mutant htt, and their dysfunction could lead to neuronal excitotoxicity.
Although mutant proteins in peripheral tissues can have a deleterious impact at both cellular and organ levels, the contribution of peripheral mutant proteins to the neuropathology in polyQ diseases remains to be assessed quantitatively. Most of the previous studies show correlative evidence for the pathological changes seen in the peripheral tissues of HD patients. It remains to be investigated whether these changes are primarily caused by the expression of mutant proteins in peripheral tissues or are secondary effects due to CNS damage. Transgenic mouse models have also provided compelling evidence for the deleterious effects of mutant proteins in non-neuronal cells. However, these transgenic mice often overexpress mutant proteins, a condition that does not occur in HD patients. Thus, selective expression of mutant polyQ proteins in certain types of non-neuronal cells in transgenic animals at or below the endogenous level would allow for rigorous testing of the role of mutant proteins in peripheral tissues. While additional mechanistic data are needed to show how peripheral mutant polyQ proteins contribute to disease pathology, it is likely that improving peripheral tissue function by drugs is more feasible than improving neuronal function in the CNS. Targeting non-neuronal cells may provide an alternative approach to effectively treat or slow down polyQ diseases.
